Abstract The oil palm is badly affected by basal stem rot (BSR) disease in Southeast Asia. BSR disease is caused by the fungus Ganoderma boninense, which is a major threat to oil palm compared with other Ganoderma spp. Molecular markers associated with BSR disease will accelerate the identification process of resistant breeding materials in screening of plants for tolerance to the disease at the nursery stage. In this study, 58 simple sequence repeat markers were utilized with three progeny types, namely, KA4G1, KA4G8, and KA14G8, to perform a comparative molecular mapping for association with BSR. A total of 319 alleles were identified with an average of 5.51 alleles per locus. Five markers, mEgCIR0793:180, mEgCIR0894:200, mEgCIR03295:210, mEg-CIR3737:146 and mEgCIR3785:299 were found to be associated with Ganoderma disease with P values of 0.018, 0.033, 0.037, 0.034 and 0.037, respectively, in single progeny analysis. However, in pooled data (KA4G1, KA4G8 and KA14G8), only two alleles, mEgCIR0804:213 (P value = 0.001) and mEg-CIR3292:183 (P value = 0.001), were found to be associated with Ganoderma disease. These analyses confirmed that progeny type KA4G1 was tolerant, whereas the other two were susceptible progeny types. These markers and KA4 progeny will be useful in future works on BSR disease resistance in oil palm.
Introduction
The oil palm, Elaeis guineesis Jacq., is a source of commercial planting materials that makes oil palm an important oil crop in the world. In 2011, Malaysian and Indonesian palm oil productions reached 18,912 and 21,449 million tons, respectively; the world total was 47,704 million tons (FAOSTAT 2013) . Oil palm in Southeast Asia is badly affected by basal stem rot (BSR) disease caused by Ganoderma boninense. BSR disease causes serious problems in oil palm production. This disease causes the collapse of the lower leaves. The vertical hanging of the leaves is one of the remarkable symptoms of this disease among the old palms. The leaves hang vertically from the point of attachment to the trunk. This is followed by the curvature of the younger leaves, which turn a yellowish color and the die back of some branches (Corley and Tinker 2003) . Infection in younger palms leads to a one-sided yellowing of the lower leaves. When the disease develops and the fronds start to desiccate, the symptoms first appear in the oldest leaves and then in the youngest ones (Idris et al. 2000) . In severe cases of the disease, it is typically found that at least half of the basement trunk is destroyed by fungal enzyme; thus when the trunk is destroyed, water and other nutritional requirements cannot go up to the leaves and finally this leads to the death of the palm.
The disease dramatically reduces the yield of affected trees and gradually destroys the trees in a few years. The average losses reported in several reviewed articles range from 10 to 45 % yield reduction among palm trees aged between 10 and 15 years old (Lim et al. 1992; Nazeeb et al. 2000; Subagio and Foster 2003) . A more recent study found that the losses in fresh fruit bunches were 0.04 and 4.34 tons/ha in 10 and 22 years of planting, respectively (Abas and Seman 2012) . BSR disease is still common and is getting worse among palm trees in Malaysia and Indonesia despite the considerable scientific efforts, including fungicide use, biological control, replanting method, and excision treatment, to control the disease (Corley and Tinker 2003) .
Recently, considerable progress in molecular markers, especially DNA microsatellite or simple sequence repeat (SSR) marker, has been achieved. SSR is a suitable DNA marker because of its good features such as high polymorphism information content, reproducibility, co-dominance, widespread and abundant distribution in genomes, (Weising et al. 2005) . SSR markers are commonly employed in both genetic diversity (Ting et al. 2010; Zulkifli et al. 2012; Cochard et al. 2009 ) and QTL mapping (Billotte et al. 2005; Seng et al. 2011; Singh et al. 2009 ) research on oil palm. In addition, they have been used in other plants as useful research tools to find the genetic basis of biotic characteristics such as disease resistant strains (Bernardo 2008) . A large number of expressed sequence tags (ESTs) have been developed from different tissues of oil palm (Ho et al. 2007 ). Several ESTs have been used to investigate resistance to G. boninense and several candidate genes were identified as molecular markers for selecting and screening tolerant materials for BSR disease (Tee et al. 2013; Yeoh et al. 2012) .
Breeding for resistance is an obvious approach and a long-term solution for Ganoderma disease. In recent years, breeding for disease resistant plants has benefited mankind through greater yields or better quality of produce from various plants. It can also be used for controlling disease among oil palms by developing a variety of palm trees with high resistance to the disease. The most important factor in breeding for resistance is the source of resistance (the genes), which is available in the same gene pool that contains genes of all other inherited traits. Durand-Gasselin et al. (2005) reported that palms of Deli origin are highly susceptible compared with those of other origins such as those of African origin. It has been suggested that specific crosses (Deli 9 Group II) 9 Group I might be a source of tolerant materials to Ganoderma disease (Cochard et al. 2009 ). These groupings as used by Cochard et al. (2009) revealed the geographical origins of the oil palm, Group I contained palms originating from Côte d'Ivoire and Group II consisted of palms originating from Angola, Benin, Cameroon, Congo and Nigeria.
Breeding for Ganoderma disease tolerance is limited due to the lack of an effective screening method (Rivas et al. 2012) . Thus far, resistance to Ganoderma has not been clearly found yet in any oil palm germplasm. Furthermore, even when tolerance is present it may represent a relative level of tolerance, in the sense that the all palms get the disease, but the tolerant genotypes last longer. The problems discussed above necessitate a study on the use of SSR markers as a screening tool to detect genetic materials tolerant or susceptible to Ganoderma disease in breeding programs.
Materials and methods

Ganoderma inoculation and disease assessment
In this study, 10-month old seedlings were inoculated with G. boninense by Felda Agricultural Services Sdn Bhd (FASSB) staff using the root inoculation technique (Idris et al. 2004) . G. boninense assessment and data scoring were also performed by FASSB as described in the literature (Idris et al. 2004 ); external symptoms were assessed monthly after one month of inoculation over a period of seven months. Internal symptoms were assessed after the external assessment through destructive sampling. Ganoderma disease incidences (GDI) were represented as binary data: disease presence (1) or disease absence (0).
Plant materials and DNA extraction
The inoculated seedlings were from three progeny types (Table 1 ) and were selected from the FELDA nursery station at Ulu Belitong in Kluang, Johor, Malaysia. These populations were dura 9 pisifera (D 9 P) crosses, all dura (females) are from Deli source and pisifera (males) are Yangambi (African). KA4G1 was characterized as a tolerant progeny type, whereas KA14G8 was the susceptible progeny type, which were previously screened for Ganoderma tolerance (Junaidah et al. 2009) DNA was extracted from plant leaf samples using the modified cetyltrimethylammonium bromide CTAB method (Seng and Faridah 2006) . DNA quality and quantity were verified by gel electrophoresis using 1 % agarose gel and the NanoDrop HND-1000 spectrophotometer (NanoDrop Technologies Inc. USA), respectively.
Microsatellite genotyping
The parents of the three progeny types were screened for 359 SSR loci in the selection of polymorphic markers. Of these, 255 were from the CIRAD primer collections [ (Billotte et al. 2005) ; http://tropgenedb. cirad.fr/oilpalm/publications.html]; 70 were from the Gramene database (http://www.gramene.org), which were linked to fungus disease resistance in rice; 34 were EST-SSR markers developed from the sequences of Ho et al. (2007) ; and several were those used by Tee et al. (2013) in their cDNA microarray screening for G. boninense tolerant materials in oil palms. Polymerase chain reaction (PCR) was carried out as described by Seng et al. (2011) .
The plants from the three progeny types were in turn screened for the polymorphic loci using the PCR method described by Seng et al. (2011) with some modifications. PCR was performed with 15 lL per reaction containing 50 ng DNA, 19PCR buffer (-MgCl 2 ), 0.2 mMdNTP mix, 0.2 U Taq polymerase (Invitrogen, Brazil), 2.0 mM MgCl 2 , 0.2 ug/lL BSA, 0.3 mM M13-tailed forward primer, 0.3 mM untailed reverse primer, and 003 mM IRD-labeled M13 primer with fluorescent dyes (6-FAM, VIC, NED, and PET). The initial PCR conditions were 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 52°C for 1 min, 72°C for 2 min, and a final extension step of 72°C for 15 min.
The PCR thermal cycling was performed using the Veriti Thermal Cycler (Applied Biosystems, USA). The PCR products were visualized by capillary electrophoresis using the ABI 3500xL Genetic analyzer (Applied Biosystems, USA). The genotyping of the individual palms were done with the aid of the GeneMapper Ò Software v4.1. (Applied Biosystems, USA), following the codominant mode of SSR inheritance in that for any locus, individuals with single bands were classified as being homozygous, whereas those with two bands of different sizes were classified as being heterozygous.
Statistical analysis
The overall population SSR data were analyzed using the POPGENE v1.32 software (Yeh et al. 1999) to determine the number of observed and effective alleles per locus and the observed and expected heterozygosity. The polymorphic information content (PIC) was calculated using the computer program CERVUS v3.0 (Kalinowski et al. 2007 ). The IBM SPSS program version 19 (STA-TISTIC 2011) was used to determine the association between the SSR alleles and Ganoderma disease incidences (GDI) in each progeny type as well as using the pooled data. Fisher's exact test was used for that purpose with Bonferroni correction. Statistical significance was set at P \ 0.05 and 0.01.
Results and discussion
The results of the Ganoderma disease incidence (GDI) scoring of the external and the internal symptoms (Table 1) . Thus, KA4G1 is a tolerant progeny type against G. boninense, whereas KA4G8 and KA14G8 are the susceptible progenies. KA4G1 evaluation in a previous study (Junaidah et al. 2009 ) indicated that it was the most tolerant progeny type in the screening of Ganoderma-tolerant materials based on nursery trials. A total of 58 SSR markers were found to be polymorphic for the three progeny types tested (55 from CIRAD, one rice SSR marker (RM21), and two developed in-house from EST Ho et al. (2007) . Information on these EST-SSR markers is available in the (Online Resource Table 1 ). The rest of the CIRAD markers were monomorphic, whereas most of the rice markers failed to be amplified. Majority of the EST-SSRs were successfully amplified but were monomorphic in the progeny types studied.
The polymorphic SSR markers detected 319 alleles across all the progenies (Table 2) , with an average of 5.51 alleles per locus. The highest observed number of alleles (Na), which was 9 alleles, was detected in loci mEgCIR0037 and mEgCIR00836. The lowest Na, which was 2 alleles, was detected in loci mEg-CIR0409, EL690027 and EL690585. The locus mEg-CIR3295 had the highest effective number of alleles (Ne) with 5.6, and the locus mEgCIR3750 had the lowest Ne with 1.3 alleles. The observed heterozygosity (Ho) ranged from 0.000 (EL690027) to 0.919 (mEgCIR3788), with an average of 0.638. The expected heterozygosity (He) ranged from 0.224 (mEgCIR3750) to 0.827 (mEgCIR3295), with an average of 0.660. PIC ranged from 0.201 (mEg-CIR3750) to 0.798 (mEgCIR3295), with an average value of 0.609 per locus. Other studies also confirmed that these SSR are suitable for use in genetic diversity and QTL mapping (Billotte et al. 2005; Cochard et al. 2009; Seng et al. 2011 ).
Fisher's exact test of association between the 319 alleles from the 58 SSR loci and Ganoderma disease incidences in the three progeny types led to the identification of five significant alleles from five loci (mEgCIR0793, mEgCIR0894, mEgCIR03295, mEg-CIR3737, and mEgCIR3785). Table 3 shows the allele sizes of the potential SSR markers for the respective progeny type with the P value. Figure 1 shows the frequencies of the infected and the uninfected plants with and without the identified alleles for the five loci that showed significant associations. The frequency of the allele mEg-CIR0793:180 in the Ganoderma disease tolerant KA4G1 was 57.8 and this allele was present in all uninfected plants. All KA4G1 plants not infected with the pathogen showed the absence of allele mEg-CIR0894:200; this allele, however, was present in 44.4 % of the infected plants. Plants lacking the alleles mEgCIR3295:210 and mEgCIR3785:299 in KA14G8 were all infected, though the alleles were present in a small percentage of the infected plants (15.6 % in both cases). On the contrary, 90.5 % of the Ganoderma disease susceptible KA4G8 plants with the allele mEgCIR3737:146 showed pathogen infection. Only two of the five (19.2 %) uninfected plants had this allele. The Linkage group location of these loci were identified from linkage maps previously reported (Billotte et al. 2005 ) for oil palm (Table 3) . Allele mEgCIR0793:180 characterized by high frequency and mEgCIR0894:200 characterized by low frequency in the tolerant progeny type KA4G1 are the best potential markers for Ganoderma disease; the former being a desirable marker to select for resistance to Ganoderma disease, and the latter a marker to select (2015) 202:199-206 203 against (an allele associated with susceptibility to Ganoderma disease). The alleles mEgCIR3295:210 and mEgCIR3785:299 may distinguish the susceptible plants from the tolerant ones based on their absence in the susceptible progeny type KA14G8; therefore, these two are alleles to be selected against. The SSR marker mEgCIR3737:146, at high frequency in the susceptible progeny KA4G8 may be a marker to select against.
Fisher's exact test analyses were carried out for 319 alleles from 58 microsatellite markers and GDI in the pooled data (KA4G1, KA4G8 and KA14G8). Online Resource Table 2 shows the significant associations of 25 alleles from 24 loci with GDI in the pooled data and the linkage groups identified from a previous report (Billotte et al. 2005 ) on linkage maps of oil palm. One loci (mEgCIR0894), for the same allele as in the single progeny analysis gave significant associations. The crosstab analyses of the pooled data revealed 25 alleles with significant associations with GDI (Infected seedling palms) (Online Resource Table 3) , of which absence of 19 alleles characterized high infection percentage, and the presence of five alleles characterized high infection. One alleles (mEg-CIR3281:230) strongly characterized both infected palm seedlings (absence of the allele) and non infected palm seedlings (presence of the allele).
The pooled data was reanalysed applying the Bonferroni correction (Rice 1989) procedure for multiple comparisons (number of multiple test = 25) (P value = 0.05/25 = 0.002). This resulted in only two loci, mEgCIR0804:213 (P = 0.001) and mEg-CIR3292:183 (P = 0.001), being significantly associated with GDI.
In summary, this study showed that SSR markers are suitable for genetic association study. The present study has achieved significant progress in terms of identifying SSR markers associated with Ganoderma diseases in three progeny types as well as using pooled data in the attempt to distinguish between tolerant and susceptible materials. Breeding for Ganoderma disease tolerance is limited due to the lack of an effective screening procedure (Rivas et al. 2012 ), but this study shows that SSR markers may be incorporated into the screening procedure for Ganoderma disease tolerance to enhance the effectiveness of such breeding programs. The authors acknowledge that the sample size used may be small when compared to other informative association studies based on annual crops. However, in practice for oil palm which is a large perennial tree crop, space and maintenance costs are always serious constraints in breeding studies. In this study, the initial sample sizes were 40 plants for each progeny type, but during the genotyping, some illegitimate plants were detected in these progeny groups and these were not used in the association analysis.
Conclusion
The present study showed that the association between SSR markers and Ganoderma disease is an efficient technique in early screening test of Ganoderma disease at nursery stage compared with traditional screening based on external and internal symptoms observations. A combination of molecular markers and breeding material for resistance is a long-term solution for this epidemic in oil palm production. The present study provides evidence of mEgCIR0804:213 (P = 0.001) and mEgCIR3292:183 (P = 0.001) as putative markers for GDI. Similar studies, preferably with larger populations, are required to validate these markers. Remembering the conservative nature of Bonferroni correction and the increased type II error rate, investigation into the other informative markers should also be further pursued. Once validated the use of these markers could be highly effective for developing planting materials which are resistant to G. boninense.
